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1. Introduction 
Various techniques can be used to increase the gain of an antenna. For example, two or more 
uniformly distributed radiating elements can be used to create an antenna array. Array 
antennas have been successfully used for several years, but, unfortunately, they still suffer 
from a fundamental disadvantage: their feeding structure is inevitably more complex and may 
generate considerable losses (Horng & Alexopoulos, 1993). This is especially true at millimeter-
wave frequencies, where losses of 40% to 50% are not uncommon (Uchimura et al., 2005; 
Huang & Wang, 2006; Weily & Guo, 2009). This type of antenna is also somewhat limited by 
the mutual coupling of its individual elements (Mohammadian et al., 1989; Malherbe, 1989). 
These factors, combined with the greater quantity of materials required to manufacture an 
array, can be responsible for a longer time-to-market and higher production costs. 
Nevertheless, array antennas can offer useful functionalities such as electronic beam 
steering, introduction of nulls in specific directions (to counter a source of interference, for 
example) and suppression of secondary lobes by adjusting the phase and/or amplitude of 
the signals feeding the individual elements. However, if these characteristics are not 
necessary for a given system, an array antenna might not be the best choice, especially if 
complexity and cost are issues. 
The single element hybrid microstrip antennas presented in this chapter rely on a large 
electrical size to increase the gain. This is achieved by exciting a higher order mode inside a 
dielectric ring resonator. Two hybrid antennas that were designed and fabricated using this 
approach will be presented in this chapter. The first antenna is linearly polarized and the 
second has two orthogonal linear polarizations. 
2. Linearly polarized hybrid microstrip antenna  
2.1 Antenna configuration 
Figure 1 shows the general shape of the first designed antenna. In essence, it is a hybrid 
antenna combining an aperture-fed circular microstrip patch with a ring-shaped dielectric 
resonator (DR). As opposed to other reported hybrid antennas (George et al., 1998; Esselle & 
Bird, 2005; Oh et al., 2007), the proposed antenna has a directive radiation pattern. 
Moreover, its design process is relatively straightforward, making it an interesting candidate 
for various commercial applications. 
The DR (ǆr1 ≈ 10) is fed by a circular microstrip patch etched on a thin grounded dielectric 
layer with a low permittivity (ǆr2 ≈ 2). The patch itself is fed via a resonant slot in the ground 
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Fig. 1. Top and side views of the linearly polarized hybrid microstrip antenna  
plane by a 50 Ω microstrip line sitting on the backside of a second thin dielectric layer with a 
higher permittivity (ǆr3 ≈ 10). The difference in permittivity ensures that the feed line is not 
as large as the patch (Wline < 2·rpatch), a common problem encountered at millimeter-wave 
frequencies, where the physical dimensions of the conventional feeding structures are often 
comparable to those of the radiators. 
2.2 Design procedure 
The design process is relatively simple. The aperture coupled microstrip patch is first 
designed (without the DR) using conventional techniques - such as those described in this 
book - and its resonant frequency (TM110 mode) is adjusted so that the lower portion of the 
desired impedance bandwidth is covered. To reinforce the resonance, the length of the slot 
(Lslot) is approximately set to half a guided wavelength at a frequency just below the 
resonant frequency of the patch. During this first step, the width of the slot (Wslot) and other 
critical dimensions are chosen in function of the limitations of the PCB fabrication process. 
In our case, a minimum width of 0.1524 mm (6 mils) was tolerable. 
For the DR, a HEM1nǅ (with n = 1, 3, 5 …) hybrid mode must first be selected and its 
resonant frequency is set so that the upper portion of the desired band is covered. We have 
found that the field configurations of this family of hybrid modes are well suited for 
coupling with a microstrip patch. However, care must be taken when choosing the order n 
of the hybrid mode as it has a direct effect on the shape of the far-field radiation pattern of 
the antenna. Fabrication constraints must also be considered. 
Cohn’s model (Cohn, 1968) is used to develop an estimation of the resonant frequency of the 
HEMmnǅ hybrid modes of a ring-shaped DR placed on a thin layer of grounded substrate: 
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where c is the speed of light and χmn is the zero of derivative J′m(χmn) = 0 of the Bessel 
function Jm(x) for odd values of n and the zero of Jm(χmn) = 0 of the same Bessel function for 
even values of n. Table 1 lists the values of χmn for hybrid modes HEM1nǅ (n = 1 to 8). 
 
Hybrid mode χmn Hybrid mode χmn 
HEM11ǅ 1.8412 HEM15ǅ 8.5363 
HEM12ǅ 3.8318 HEM16ǅ 10.1735 
HEM13ǅ 5.3315 HEM17ǅ 11.706 
HEM14ǅ 7.0156 HEM18ǅ 13.3237 
Table 1. Values of χmn for hybrid modes HEM1nǅ (n = 1 to 8)  
The factor ǅ in Equation (1) is a quantity between 0 and 1 representing the number of half-
wavelength variations of the field in the z direction. It can be calculated by solving the 
following set of equations: 
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Equation (2) is transcendental in nature and can be easily solved numerically using a 
mathematical tool such as Matlab®. The effective height and the effective permittivity are 
defined as: 
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where ǆair is the permittivity of air (≈ 1), Vhole is the volume of the DR hole, Vring is the volume 
of the dielectric ring itself (without the hole), Vsubstrate is the volume of the dielectric layer 
directly underneath the DR, and Vtotal  is the sum of these three volumes. 
2.3 Simulation results 
Using the commercial electromagnetic simulator CST Microwave Studio®, the proposed 
antenna is simulated and optimized for operation in the 57 GHz to 65 GHz band. The final 
optimized values for the parameters of Figure 1 are listed in Table 2. 
 
Parameter Value (mm) Parameter Value (mm) 
ǆr1 10.2 rext 3.6 
ǆr2 2.2 rpatch 0.78 
ǆr3 10.2 Lslot 0.835 
h1 0.635 Wslot 0.1524 
h2 0.254 d 0.2 
h3 0.254 Lx 10.5 
rint 1.3 Ly 10.5 
Table 2. Parameter values (Figure 1) used for the simulations  
Simulated S11 parameters of the aperture coupled microstrip antenna (without the DR) and 
of the proposed hybrid antenna (with the DR) are shown in Figure 2. The negative peak near 
59 GHz (for both the microstrip and the hybrid antenna) is the result of the combination of 
 
 
Fig. 2. Simulated S11 parameter of the linearly polarized hybrid antenna 
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two closely spaced resonances: one from the patch itself and another one from the resonant 
coupling slot. For the microstrip antenna (without the DR), the effect of this combination can 
be observed as the upper portion of the bandwidth of the patch is extended. 
For the hybrid antenna, a second negative peak (near 65 GHz) is observed. It is the result of 
the excitation of the HEM15ǅ hybrid mode inside the DR. Indeed, solving Equations (1) 
through (7), we find that heff = 0.889 mm, ǆeff = 3.522, ǅ = 0.6537, and f15ǅ = 67.1 GHz (a 
difference of about 3%). For some designs, it may be possible to excite another mode within 
the HEM1nǅ (n = 1, 3, 5 …) family, given that the rout/heff ratio and inner radius (rin) of the 
DR are properly adjusted to maximize the coupling with its feeding structure. Generally, a 
ratio between 1 and 4 is expected for n = 1, 3, and 5, whereas modes with higher indices 
require a larger ratio, making the antenna too large for typical applications. 
Three normalized radiation patterns at the lower edge, the center and the upper edge of the 
impedance bandwidth are shown in Figure 3. The first observation is that the main lobe is 
always directed at broadside and that secondary lobes are generated and get more visible as 
the frequency increases. These side lobes are a direct consequence of the excitation of the 
 
   
57 GHz     61 GHz 
 
 
65 GHz 
Fig. 3. Simulated radiation patterns of the linearly polarized hybrid antenna 
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HEM15ǅ hybrid mode inside the DR. Nevertheless, they remain within acceptable levels, i.e. 
more than 9 dB lower than the main beam (at 65 GHz). 
The half-power beamwidth is reduced as the frequency increases from 57 to 65 GHz (32.1° 
to 22.1° for the E-plane and 32° to 26° for the H-plane). However, this does not translate into 
a gain increase due to the increase in the side lobe levels. Another interesting quality of the 
proposed antenna is its very low cross polarization level, which is less than -27 dB (not 
shown). 
The most appealing feature of this antenna resides in its high gain, as depicted in Figure 4. 
Indeed, it can be noted that the simulated gain is very high for such a simple structure i.e. 
more than 13 dB (with a simulated radiation efficiency between 86.8 and 89.7 % over the 
whole bandwidth). The gain is also stable over the bandwidth of interest, with a variation of 
about 0.35dB over the whole frequency band. The theoretical gain in Figure 4 is calculated 
with the following approximation formula (with a radiation efficiency η = 1 or 100%): 
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where A = π·rout2 is the physical area of the antenna and λ0 is the free space wavelength. 
Since Equation (8) is only an approximation, it is not abnormal to see the simulated gain 
exceed the maximum theoretical value; this does not imply that the efficiency is over 100% 
for the lower portion of the bandwidth. Nonetheless, this theoretical approximation gives an 
upper limit for the gain we can expect from the proposed antenna. 
 
 
Fig. 4. Simulated gain of the linearly polarized hybrid antenna 
2.4 Experimental results 
A standard low cost PCB process is used to fabricate most of the antenna. Alignment holes 
are drilled outside the ground plane of the antenna to ensure that different components of 
the aperture coupled microstrip antenna are correctly aligned. The laminates are then 
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“glued” together using a thin film of bounding material and cut to the desired size, leaving 
out the alignment holes. The DR is cut using a computer controlled Nd-Yag Q-switched 
laser (a photograph of many fabricated samples is shown as an inset in Figure 5). 
Figure 5 shows photographs of the fabricated antenna. The widely used RT/Duroid® 5880 is 
chosen as the substrate of the patch (ǆr2 = 2.2, h2 = 0.254 mm) whereas the feed line is etched 
on a thin layer of RT/Duroid® 6010LM (ǆr2 = 10.2, h3 = 0.254 mm). 
 
 
Fig. 5. Photographs of the linearly polarized hybrid microstrip antenna 
All the dimensions are as listed in Table 2, except for Lx (25 mm), Ly (30 mm) and rout = 3.2 
mm. A larger ground plane was necessary to install the required housing to hold a 1.85 mm 
connector, for measurement purposes. A slightly smaller DR was chosen to suppress the 
undesired HEM14ǅ hybrid mode, for which the calculated cutoff frequency fell too close to 
the operational band (56.7 GHz). 
The S11 parameter of the prototype (with and without the DR) was measured using a 
Anritsu® 37397C Vector Network Analyzer (VNA). The results are presented in Figure 6. 
 
 
Fig. 6. Measured S11 of the microstrip (without the DR) and hybrid (with the DR) antennas 
Considering the fact that the prototype is fabricated using a standard PCB process, that the 
two substrate layers are bounded together with a material of non-zero thickness, and that a 
connector is manually added, some discrepancies between the simulated and measured 
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results are expected. However, after a thorough investigation, it was found that the coaxial-
to-microstrip transition (the connector) was responsible for the oscillations in the S11 curves. 
A simple setup is used to measure the radiation patterns of the prototype. A standard gain 
V-band horn antenna (24 dB gain at mid-band) is connected to port 2 of the VNA and the 
antenna under test (AUT) is connected to port 1. Both antennas are vertically and 
horizontally aligned and are placed at a distance of 30 cm. The AUT is then manually 
rotated around its vertical axis by increments of 10-degrees and the S12 parameter is saved 
for post-processing. The measured H-plane normalized patterns (microstrip antenna and 
hybrid antenna) are plotted in Figure 7. 
 
  
 57 GHz       61 GHz 
 
 
65 GHz 
Fig. 7. Measured radiation patterns of the microstrip and hybrid microstrip antennas 
The first observation we can make from these patterns is that, all things considered, the 
hybrid antenna is more directive than the aperture coupled microstrip antenna, except at the 
upper limit of the band (65 GHz), where the HEM14ǅ mode manifestly takes over to generate 
a monopole-like pattern with a small peak at broadside. Secondly, the patterns of the hybrid 
antenna are stable over a large frequency range and are very similar to the simulated H-
plane patterns presented as dashed lines in Figure 3. Indeed, the main lobe is dominant for 
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most of the bandwidth and the front-to-back ratio is between 10-15 dB. The backward 
radiation is higher than expected due to the strong resonance of the slot, especially near 57 
and 65 GHz. Small side lobes at 90° and 270° can also be observed at some frequencies. 
Using two identical standard gain horns, the gain is measured by applying the gain-transfer 
technique (Balanis, 2005) and removing the reflection losses with the aid of Figure 6. The 
measured results are presented in Figure 8. New simulated results taking into account the 
larger ground plane are plotted. The theoretical results are also recalculated based on the 
new outer radius of the DR (rout = 3.2 mm). 
 
 
Fig. 8. Measured gain of the linearly polarized hybrid microstrip antenna 
The measured gain is quite close to the simulated values. It is also stable over a large portion 
of the impedance bandwidth, as predicted. The theoretical gain is lower for rout = 3.2 mm 
due to the reduced area occupied by the DR. Nonetheless, the measured gain is over 11 dB 
from 55 to 63 GHz, a bandwidth that would be large enough to cover the whole 57-65 GHz 
ISM band. The realized gain (not shown) is over 10.5 dB from 55 to 63 GHz.  
2.5 Discussion 
This section highlighted an innovative high-gain hybrid antenna for millimeter wave 
applications. A thorough theoretical study of the behavior of this antenna made it possible 
to define a simple design procedure. The proposed configuration achieves double digit gain 
by coupling a microstrip patch with a ring-shaped DR, thus increasing the electric size of the 
antenna. Indeed, simulated and measured results confirmed that the gain is clearly 
improved when the patch is correctly exciting an appropriate hybrid mode inside the 
dielectric structure. Furthermore, measurements from a prototype have also established that 
the major part of the antenna can be manufactured with a simple PCB process, that it is 
more directive than a conventional microstrip antenna, and that its impedance bandwidth 
would be large is enough to cover the whole ISM 57-65 GHz band. 
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3. Dual-polarized hybrid microstrip antenna  
In this section another high gain and wide-band antenna designed from the same hybrid 
configuration will be presented. This second antenna could be used to transmit and/or 
receive signals by using two orthogonal linear polarizations (vertical and horizontal), via 
two independent feed ports. 
3.1 Antenna configuration 
The proposed antenna geometry is shown in Figure 9. A ring-shaped dielectric resonator (DR) 
(ǆr = 10.2; tan ǅ = 0.0023) is fed by a square patch etched on a dielectric substrate (thickness = 
0.254 mm; ǆr = 2.2; tan ǅ = 0.001). The patch is fed via two orthogonally disposed slots of 
identical dimensions in the ground plane by two 50 Ω microstrip lines sitting on the backside 
of a second substrate layer (thickness = 0.254 mm; ǆr = 10.2; tan ǅ = 0.0023).  
 
 
Fig. 9. Top and side views of a dual-polarized hybrid microstrip antenna 
The L-shaped arrangement of the coupling slots ensures that both ports exhibit the same 
theoretical return loss, i.e. the same impedance bandwidth. A T-shaped disposition could be 
used to increase the isolation (Porter et al., 1999), but the impedance bandwidth of the two 
ports would then be dissimilar. The same observation has been made in (Perron et al., 2007) 
for a dual-polarized CPW-fed microstrip antenna operating at 2.45 GHz. 
3.2 Results 
A prototype of the proposed antenna was fabricated using Rogers Corporation® high 
frequency laminates (RT/Duroid® 5880 and 6010LM). The DR was easily cut using a 
computer controlled Nd-Yag Q-switched laser and bonded to the substrate with a few 
droplets of cyanoacrylate. Figure 10 shows photographs of the fabricated antenna. Again, 
note that a relatively large ground plane (Lx = Ly = 30 mm) is used to install a brass housing 
to hold two 1.85 mm connectors. 
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Fig. 10. Photographs of the dual-polarized hybrid microstrip antenna 
The S-parameters of the antenna are measured using the VNA. The results are presented in 
Figure 11. For comparison, simulated results from CST Microwave Studio® are also plotted.  
 
 
Fig. 11. Measured S-parameters of the dual-polarized hybrid microstrip antenna 
Since the connectors and the brass support are not included in the simulation model (to 
decrease computational time), some discrepancies between measured and simulated data are 
expected. Nevertheless, the impedance bandwidth (VSWR < 2) of both ports of the antenna is 
fairly similar and is more than acceptable for many antenna applications. As the bandwidth is 
relatively large (more than 8 GHz), oscillations in the measured curves are also noticeable. This 
phenomenon is due to the inductive loading effect of the coaxial to microstrip transition. The 
measured isolation is better than expected, remaining over 20 dB over most of the bandwidth. 
Using a three-antenna technique, the antenna gain for both polarizations is measured. Two 
result sets are presented in Figure 12: the gain of the antenna without the DR in place (the 
microstrip patch only) and the gain of the hybrid configuration (microstrip patch and DR). 
Alignment errors during the fabrication and variable transition losses introduced by the 
connectors are responsible for the differences between the two ports. Nevertheless, the 
hybrid configuration exhibits a higher gain, with a peak value of more than 10 dB at 56 GHz 
for both polarizations. The average simulated gain of the simplified model is 11.8 dB within 
the operational bandwidth of the antenna. This high-gain is due to the increase in the 
electrical size of the radiator when the DR is mounted on its surface. 
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Fig. 12. Measured gain of the dual-polarized microstrip and hybrid configurations 
The radiation pattern of the proposed antenna at 56 GHz (port 1) is presented in Figure 13. 
The pattern of port 2 (not shown) is almost identical. The patterns are measured manually 
using a simple yet precise mechanical setup covered with RF convoluted foam absorbers. A 
high-gain horn antenna is connected to the first port of the VNA while the second port is 
connected to the antenna under test. The S21 parameter at different angles is then stored for 
post-processing. Note that only half of the E-plane is measured since the connector would 
block the other half. For convenience, the other half is therefore estimated by mirroring the 
measured half. This is not the case for the H-plane which is completely measured. Again, 
the measured results incorporate both the microstrip patch and hybrid configurations.  
 
 
Fig. 13. Measured E- and H-plane of the microstrip and hybrid configurations (56 GHz) 
www.intechopen.com
Hybrid Microstrip Antennas 
 
485 
The first observation is that the main beam of the antenna is directed at broadside and that 
the hybrid configuration is more directive than the microstrip patch antenna by itself. Also 
note the presence of small side lobes at 75° and 285° in the E-plane of the hybrid 
configuration. These side lobes are a result of the excitation of a higher order hybrid mode 
inside the DR (the HEM13ǅ mode). In fact, by studying the electromagnetic distribution 
inside the ring-shaped DR, it can be seen that the latter acts as a dielectric waveguide that 
collects (or distributes) electromagnetic waves through a large aperture size. Unfortunately, 
as the frequency increases, the side lobes become more important and the gain decreases. 
3.3 Discussion 
A new hybrid microstrip antenna with two orthogonal linear polarizations has been 
presented in this section. Experimental results indicate that it could be used for applications 
requiring a high gain and a relatively broad bandwidth. Moreover, as this antenna is based 
on standard commercial components and that it is almost entirely manufactured with a 
conventional PCB process, it constitutes an interesting alternative to more complex 
configurations, such as array antennas. Finally, even if the prototype presented in this 
section exhibits a maximum gain at 56 GHz, it would undoubtedly be possible to optimize 
its dimensions so that the maximum gain is reached inside the 57-65 GHz band. 
4. Possible improvements  
The hybrid microstrip antennas presented in Sections 3 and 4 possess several desirable 
characteristics, making them excellent candidates for several millimeter-wave applications. 
In an effort to further improve their performance, a new modified geometry (with a higher 
gain and reduced side lobe levels) is presented in this section. 
4.1 Antenna configuration 
The modified configuration is presented in Figure 14. The dimensions of the radiating 
elements are the same as in Section 2. A brass support allows the antenna to be fitted with a 
1.85 mm coaxial connector (note that the model in Figure 14 only shows the glass bead that  
is used to make the transition from the central conductor of the coaxial connector to the 
 
 
Fig. 14.  Top and bottom views of the modified antenna geometry.  
www.intechopen.com
Microstrip Antennas 
 
486 
microstrip feed line). This housing adds a much needed structural support to the very thin 
PCB assembly. Indeed, both the feed substrate (RT/Duroid 6010, ǆr = 10.2) and the 
microstrip patch substrate (RT/Duroid 5880, ǆr = 2.2) are only 0.254 mm thick The brass 
support also features a circular opening (of height h and radius r) positioned directly above 
the DR and the patch. As it will be confirmed in the next section, it is possible to increase the 
gain and reduce the side lobe levels of the antenna by optimizing the dimensions of this 
metallic cavity. 
4.2 Simulation results 
In order to highlight the effects of adding a metallic cavity to the antenna, this section presents 
a number of antenna parameters simulated with and without the brass support (and cavity).  
The simulated S11 of the proposed antenna (with and without the brass support) is shown in 
Figure 15. Note that the simulation port is located at the end of the microstrip feed line 
rather than at the end of the glass bead. This allows a better comparison of both antenna 
configurations and reduces computational time as the coaxial-to-microstrip transition is not 
unnecessarily simulated. The optimized dimensions of the cavity are h = 3 mm and r = 7.25 
mm. In both cases, the impedance bandwidth (VSWR < 2) is wide, ranging from 56.5 to 66.5 
GHz (16.3 %), approximately. The strongest resonances come from the patch and the DR, 
but the cavity itself affects the S11 parameter of the antenna by introducing small oscillations 
in the curve, especially at the upper end of the impedance bandwidth. By studying the input 
impedance of the antenna, we conclude that these oscillations are a result of a loading effect 
introduced by the brass support. Nonetheless, the reflection coefficients of both 
configurations are similar.  
 
 
Fig. 15. Simulated S11 of the antenna (with and without the support and cavity). 
Figure 16 and Figure 17 show the simulated gain and side lobe suppression levels of both 
configurations, respectively. From Figure 16, it is evident that the gain is improved when the 
support and cavity are present. This is most likely due to the constructive interference of 
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waves reflected by the wall of the latter. Figure 17 confirms that the side lobe suppression is 
better for most of the impedance bandwidth. 
 
  
Fig. 16. Simulated gain of both configurations (with and without the brass support and 
cavity). 
 
 
Fig. 17. Simulated side lobe suppression levels of both configurations (with and without the 
brass support and cavity). 
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The radiation patterns of both configurations near mid-band (61 GHz) are shown in Figure 
18. The side lobe levels of the antenna fitted with the brass housing are clearly lower. Also 
note that the cross-polarized field levels are very low, especially the cross-polarized E-field, 
which is negligible (thus not visible in Figure 18). 
 
 
 
 
 
 
 
 
          (a)                                                          (b) 
Fig. 18. Simulated normalized radiation patterns at 61 GHz: (a) with the brass support and 
cavity and (b) without the brass support and cavity. 
4.3 Parametric study 
The results of a short parametric study are presented in Figure 19. In Figure 19a, the radius 
(r) of the cavity is varied from 6.75 to 7.75 mm. In Figure 19b, the height (h) of the cavity is 
varied from 2.5 to 3.5 mm. From these results, it is obvious that gain is directly affected by 
the dimensions of the metallic cavity, especially its radius. By conducting similar studies for 
the side lobe levels and impedance bandwidth, it is possible to optimize the cavity and reach 
the best side lobe suppression/gain/bandwidth tradeoff. 
4.4 Discussion 
In this section, a new modified geometry for a hybrid microstrip/dielectric resonator 
antenna has been presented. The simulated gain remains over 14 dB for a large portion of 
the 10 GHz impedance bandwidth. The side lobe levels are also significantly lowered with 
the addition of a metallic cavity. 
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(a) 
 
(b) 
Fig. 19. Parametric study: (a) radius of the cavity and (b) height of the cavity. 
5. Conclusion 
In this chapter, two hybrid microstrip antennas were briefly introduced. In each case, it was 
possible to enlarge the impedance bandwidth and increase the electrical size (thus 
enhancing the gain) of the antenna by using two different radiating elements (a microstrip 
patch and a dielectric resonator). These examples show how hybrid antennas can be used to 
meet various requirements and still remain relatively easy to design and manufacture. 
In addition to fabricating prototypes based on the improved antenna geometry of Section 4, 
other projects could be undertaken in the future. Initially, an optimization campaign would 
probably help to limit the losses generated by the 1.85 mm connector (by improving the 
coaxial-to-microstrip transition). Indeed, though this stage is not absolutely necessary, that 
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would facilitate the performance evaluation of the antennas. Finally, within the framework 
of a project of greater scale, it would be possible to integrate various active components (a 
low noise amplifier, for example) on the feed side (with the microstrip line), to design a 
compact antenna front-end. The metallic support could then cover the back of the antenna 
and protect these components. The dimensions of this protective cover could even be 
optimized to reduce the undesired backward radiation of the antenna. 
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